A new strategy for preparing highly luminescent and pH responsive CdTe quantum dots (QDs) based on dynamic covalent hyperbranched polymer is proposed in this paper. Hyperbranched poly(amidoamine) (HPA-MAM) was grafted with poly(ethylene glycol) monomethyl ether (MPEG) arms by pH-sensitive acylhydrazone bonds, resulting in a dynamic covalent hyperbranched polymer (HPAMAM-g-MPEG). Then, HPAMAM-g-MPEG was used as nanoreactor and stabilizer to synthesize CdTe QDs. By preparing CdTe QDs within HPAMAM-g-MPEG, the environment sensitivity and biocompatibility properties of HPAMAM-g-MPEG and the optical, electrical properties of CdTe QDs can be combined, endowing the CdTe QDs with intelligence and biocompatibility. The potential application of the CdTe/HPAMAM-g-MPEG nanocomposites as novel fluorescence probe in acidic lysosomes of COS-7 cells was also investigated. The photoluminescence (PL) intensity of CdTe/HPAMAM-g-MPEG in COS-7 cells enhanced greatly as time passed up to 18 h. The acylhydrazone bonds, which can quench the PL of CdTe QDs, were broken by the acidic lysosomes of COS-7 cells, resulting in a large increase of PL intensity of CdTe QDs. In other words, the acidic lysosomes of COS-7 cells induced the pH response of HPAMAM-g-MPEG and then the pH response of HPAMAM-g-MPEG was consequently transmitted to the PL intensity of CdTe QDs.
INTRODUCTION
Fluorescent semiconductor nanocrystals, also referred to as quantum dots (QDs), have been widely investigated from the synthetic point of view to their explitation in the fabrication of nanodevices and nanostructured materials. [1] [2] [3] [4] [5] [6] [7] [8] [9] Until now, various approaches have been developed to synthesize high-quality QDs, such as those based on organometallic routes, [10] [11] [12] [13] [14] [15] [16] [17] [18] on aqueous recations with small thiols as stabilizers, [19] [20] [21] on use of polymer [22] [23] [24] [25] [26] [27] [28] and biometric template methods. 29 30 Fluorescent QDs stabilized by organic molecules or small water-soluable thiols should be modified in order to be used in biomedical field, while the QDs prepared within dendritic polymers naturally integrate the optical property of QDs and the biocompatibility of polymers, thus they can be directly applied in many fields.
As of today, there are many works on preparation of CdS QDs within dendritic polymers. [23] [24] [25] However, the CdS QDs usually exhibit low quantum yields (QYs) and broad emission spectrum. Saha etc. reported on the preparation of CdTe QDs within poly(amidoamine)s dendrimers (PAMAM); 26 however, the high fluorescence of CdTe QDs prepared within dendritic polymers has not been addressed. In our previous work, hyperbranched ARTICLE poly(amidoamine) (HPAMAM) was applied to prepare fluorescent CdTe QDs which achieved QYs as high as 58%, comparable to QYs of QDs derived from organometallic routes. However, the resulting QDs/dendritic polymer do not respond to the environment, which limits their application. The progress on dynamic covalent hyperbranched polymers in recent years provides new avenue to prepare responsive QDs. Dynamic covalent hyperbranched polymers, referred to as reversible hyperbranched polymers with a covalent nature, not only are characterized by the molecular stability of traditional hyperbranched polymers that possess torispherical and highly branched architectures, but also hold the dynamic reversible property of supramolecular polymers in certain conditions. [31] [32] [33] [34] [35] [36] [37] [38] Thus these dynamic covalent hyperbranched polymers can be regarded as a new kind of smart materials 31 37 38 and desirable templates for preparing QDs. By preparing QDs with dynamic covalent hyperbranched polymers as nanoreactors, the environment sensitivity of polymers and the optical, electrical properties of QDs can be combined, 39 endowing the QDs with "intelligence." These kind of QDs prepared within dynamic covalent hyperbranched polymers might be used in bio-imaging, sensing and nanomedicine, etc.
In this paper, we have designed dynamic covalent hyperbranched polymers with pH-sensitive acylhydrazone bonds and then prepared highly fluorescent CdTe QDs with these polymers as nanoreactors. Acylhydrazine-modified hyperbranched poly(amidoamine) (HPAMAM-NHNH 2 reacted with para-substituted poly(ethylene glycol) monomethyl ether benzaldehyde (MPEG-C 6 H 4 CHO), 40 resulting in the dynamic hyperbranched polymer with pH-sensitive acylhydrazone bonds (HPAMAM-NHN = CH-C 6 H 4 -MPEG, also abbreviated as HPAMAM-g-MPEG). The HPAMAMg-MPEG has reversible covalent acylhydrazone bonds with pH response and can be regarded as dynamic polymer. Then, it was used as stabilizer accompanied by 3-mercaptopropionic acid sodium (MPA-Na) to prepare fluorescent CdTe QDs. The prepared CdTe QDs combined the environment sensitivity and biocompatibility of dynamic hyperbranched polymers and the optical property of CdTe QDs together. The potential application of the CdTe/dynamic hyperbranched polymer nanocomposites as fluorescence probes in an acidic lysosomes was also investigated. We found that the emission intensity of CdTe QDs prepared within HPAMAM-g-MPEG increased by 2 times in COS-7 cells with time passing from 2 h to 18 h. We speculated that the pH-sensitive acylhydrazone bonds broke in the acidic lysosomes of COS-7 cells, so the PL quenching of acylhydrazone bonds on CdTe QDs was suppressed, resulting in huge enhancement of CdTe QDs emission intensity. By such an application, the goal of transmitting the pH response of dynamic covalent hyperbranched polymers to the fluorescence intensity of QDs was realized. 41 9.03 g (0.15 mol) ethylenediamine (EDA) in 28 mL methanol were put into a one-neck flask in an ice-salt bath, and then 25.83 g (0.3 mol) methyl acrylate (MA) was dropwise added to the flask under stirring. The mixture was stirred at room temperature for one week and then the flask was fixed onto a rotary evaporator to remove the methanol under the vacuum. After reacting for 1 h at 60 C, 2 h at 100 C, 2 h at 120 C and 2 h at 140 C on the rotary evaporator in vacuum, a slightly yellow dope was obtained. 1 
EXPERIMENTAL SECTION

Synthesis of Acylhydrazine Terminated
HPAMAM (HPAMAM-NHNH 2 0.5 g HPAMAM were dissolved in 40 mL anhydrous ethanol and then 20 mL 85% hydrazine hydrate was added. The mixture was stirred and refluxed at 125 C for 3 h. After rotatory evaporating at 70 C for 1 h and further drying in vacuum at 70 C for 48 h, HPAMAM with acylhydrazine terminals (HPAMAM-NHNH 2 was gained. 1 
Synthesis of Dynamic Hyperbranched Polymers with pH-Sensitive Acylhydrazone Bonds (HPAMAM-g-MPEG)
0.30 g HPAMAM-NHNH 2 and 1.83 g para-substituted poly(ethylene glycol) monomethyl ether benzaldehyde (MPEG-C 6 H 4 CHO) were dissolved in anhydrous ethanol ARTICLE (50 mL). The ethanol solution was refluxed under N 2 atmosphere for 24 h. After rotatory evaporating, the product was redispersed in dichloromethane (10 mL) and then drop added to ice ether (200 mL). The resulting precipitate was dried under vacuum to obtain HPAMAM-g-MPEG. 1 
Synthesis of CdTe QDs with HPAMAM-g-MPEG
and MPA as Stabilizers 52 L MPA was added to 100 mL CdCl 2 (0.25 mmol) aqueous solution. After stirring for several hours, pH value of the aqueous solution was adjusted to 8.2 with 1 M NaOH. Then they were drop-added to the HPAMAMg-MPEG aqueous solution (100 mL, 0.5 mg/mL) followed by stirring for 24 h. The mixture was deaerated with N 2 for 15 min and then 5 mL oxygen-free NaHTe solution (Cd/Te = 2:1) was injected at 5 C under vigorous stirring. The resulting CdTe precursors were irradiated every 30 minutes under microwave (PreeKem, 300 W, 100 C) to obtain samples with various colors. The resulting nanocomposites were abbreviated as CdTe/ HPAMAM-g-MPEG.
PL Intensity Controll of CdTe QDs in
COS-7 Cells COS-7 cells (1 × 10 4 cells per well) were seeded into 96-well plates and incubated for 24 h. The initial 200 L cell culture medium in each well was replaced by 200 L of a PBS solution of CdTe/HPAMAM-g-MPEG. Cell lysate was added to five groups of wells after 2, 4, 6, 8, and 18 h, respectively. For each group of wells to which cell lysate had been added, the wells were vibrated. The PL intensity was measured on Thermo Scientific Varioskan Flash with em = 450 nm.
Methods
1 H NMR measurements were carried out on a Bruker, Avance III 400 NMR spectrometer. pH values were measured by a Starter 3C digital pH meter. UV-Vis spectra were recorded on a Varian Cary 50 UV/Vis spectrometer. Emission spectra were collected using a Varian Cary spectrometer. Transmission electron microscopy (TEM), high resolution transmission electron microscopy (HRTEM), selected area electron diffraction (SAED) and elemental characterization were carried out on a JEOL Sci. Adv. Mater., 6, [1] [2] [3] [4] [5] [6] [7] [8] 2014 ARTICLE 2010 microscope with energy-dispersive X-ray spectrometer (EDS) at an accelerating voltage of 200 kV. X-ray powder diffraction (XRD) spectra were taken on Rigaku Ultima III X-ray diffractometer operated at 30 kV voltage and 20 mA current with Cu Ka radiation. For the XRD measurement, the CdTe QDs were rotary evaporated to remove water and then dried under vacuum. Thermogravimetric analysis (TGA) was done under nitrogen atomosphere on a STA 409 PC thermal analyzer. The QY of CdTe QDs was measured according to the methods described in Ref. [42] using rhodamine 6G as a reference standard (QY = 95%).
RESULTS AND DISCUSSION
HPAMAM is a typical kind of hyperbranched polyamine, which can be synthesized from methyl acrylate (AB) and ethylenediamine (C 4 monomers by one-pot polymerization with a feed ratio of 2. The great quantity of methyl ester terminals which exist on the HPAMAM can be easily converted to acylhydrazine by a hydrazinolysis reaction (HPAMAM-NHNH 2 . By reacting with benzaldehyde terminated MPEG, HPAMAM-g-MPEG was obtained, as illustrated in Schemes 1(a)-(d).
The chemical structure of HPAMAM, HPAMAM-NHNH 2 and HPAMAM-g-MPEG were characterized by 1 H NMR, as shown in Figure 1 . The signal at 3.56 ppm in Figure 1 (a) corresponded to the methoxy terminals of HPAMAM, while it disappeared in Figure 1(b) . This was because the methoxy terminals had transformed into acylhydrazine after hydrazinolysis. After reacting with benzaldehyde-terminated MPEG, the new proton signal at 8.63 ppm indicated the formation of acylhydrazone bonds, as shown in Figure 1(c) .
HPAMAM-g-MPEG dynamic covalent hyperbranched polymer has a HPAMAM core and many MPEG arms connected by pH-sensitive acylhydrazone bonds. This kind of double-hydrophilic hyperbranched polymer is pH-sensitive due to the existence of acylhydrazone bonds. It can be used to encapsulate cations, dyes and also to prepare nanocrystals. Here, HPAMAM-g-MPEG was adopted to synthesize highly luminescent and pH responsive CdTe QDs, as shown in Schemes 1(d)-(e). Figure 2 shows the typical evolutions of both absorption and PL spectra of CdTe QDs prepared within HPAMAMg-MPEG (top) and the corresponding phtotograph under UV light (365 nm) (bottom). The CdTe precursors were irradiated every 30 minutes under microwaves. All the UVVis spectra showed well-resolved absorption peaks which red shifted with the heating time, indicating the growth of CdTe QDs. The maximum peak of PL emission also showed a red shift. The fluorescence color of CdTe QDs under UV light changed from green to yellow, orange and red with prolonging refluxing time. The sizes of CdTe QDs can be estimated from the absorption peaks using Peng's empirical formula. 43 From the absorption peaks, the Peng's empirical formula predicts that the diameter of CdTe QDs is from 2.4 nm to 3.6 nm. The detailed parameters of CdTe/HPAMAM-g-MPEG samples A-F (shown in Fig. 1 ) are given in Table I . Figure 3 (a) shows the PL peak position change along with reaction time. The red shift along during the course of heating indicated the growth of CdTe QDs. The CdTe QDs exhibited parabola-like curve of the emission wavelength and the QYs of QDs, which were in line with the general phenomenology observed during the growth of MPA-Na capped CdTe QDs. 44 With increasing the heating time, the QY of CdTe QDs increased significantly. The QY increased markedly from 11% at 30 min to a maximum value of 42% at 150 min. Further heating resulted in a decrease of QY, as shown in Figure 3(b) .
By preparing QDs within HPAMAM-g-MPEG, the QDs can be effectively segregated by HPAMAM-g-MPEG. The effective isolation can suppress the photodegradation of QDs and keep the QDs stable thereupon. Here, we investigated the stability of some CdTe samples after synthesis. No obvious precipitates were seen after aging at 5 C in a freezer for 2 months. Figure 4 shows the absorption and Fig. 4 . The absorption and emission spectra of CdTe aqueous solution prepared based on HPAMAM-g-MPEG before and after being aged for 2 months. The CdTe QDs sample was synthesized by heating for 90 min and its absorption peak was 533 nm. emission spectra of CdTe/HPAMAM-g-MPEG nanocomposites (the absorption peak at 533 nm) before and after being kept for 2 months. They did not show any significant changes including the absorption peak, emission peak, emission intensity and full width at half maximum (FWHM).
The morphology of CdTe QDs was characterized by TEM, as shown in Figures 5(a) and (b) , respectively. The QDs were quite dispersed and showed a nearly spherical shape. The average diameter was about 3.2 nm. The annular diffraction in SAED pattern implied the polycrystalline structure of CdTe QDs, as shown in Figure 5 (c). Figure 6 gives the XRD patterns of pure HPAMAMg-MPEG and CdTe QDs prepared based on HPAMAMg-MPEG (the excitonic absorption peak at 533 nm). The strong diffraction peaks around 2 = 19 2 (120) and 23.3 (032) in Figures 6(a) and (b) could be assigned to MPEG. The broad diffraction peaks around 2 = 24 5 (111), 41.3 (220) and 48.7 (311) in Figure 6 (b) were consistent with cubic (zinc blende) CdTe.
The composition of CdTe QDs stabilized by HPAMAMg-MPEG was characterized by TGA, as shown in Figure 7 . The HPAMAM-g-MPEG decomposed in the range from 100-410 C. When further heating was implemented, the mass fraction at 795 C was 35.6%, which corresponded to the content of CdTe QDs in the CdTe/HPAMAM-g-MPEG nanocomposites.
The MPEG is nontoxic, nonimmunogenic and watersoluble. HPAMAM has low cytotoxicity 45 and the introduction of MPEG can further decrease the cytotoxicity of HPAMAM. Furthermore, HPAMAM-g-MPEG has many pH-sensitive acylhydrazone bonds, so it is pH responsive. When CdTe QDs are prepared within HPAMAM-g-MPEG, HPAMAM-g-MPEG endows the CdTe QDs with biocompatibility and pH response. To investigate the potential application of the pH responsive CdTe/HPAMAM-g-MPEG nanocomposites, acidic environment is prerequisite in order to break the pHsensitive acylhydrazone bonds. We know that lysosome in the cell has acidic environment (pH 4.8), once the CdTe/HPAMAM-g-MPEG nanocomposites are internalized by the cells, they would be endocytosed by lysosomes, which contain a series of acidic hydrolytic enzymes. The lysosomes provide an acidic environment (pH 4.8) and induce the cleavage of acylhydrazone bonds. 46 When the acylhydrazone bonds break, MPEG chains depart from CdTe/HPAMAM-g-MPEG and the quenching effect of acylhydrazone bonds on the PL intensity of CdTe QDs disappears, resulting in the rapid increase of PL intensity of CdTe QDs in the cells. For in vitro application as fluorescence probe, the initial maintain culture medium for COS-7 cells was replaced by the PBS solution of CdTe/HPAMAM-g-MPEG nanocomposites (3 mg/mL). The absorption peak and the precise size of CdTe QDs used were 518 nm and 2.8 nm, respectively. The internalization of CdTe/HPAMAM-g-MPEG nanocomposites by COS-7 cells were evaluated by fluorescence microscope. HPAMAM-g-MPEG capped CdTe QDs were seen to be internalized into the COS-7 cells, as shown in Figure 8 . Previous report pointed out that CdTe QDs capped with small thiols such as cysteine could not be endocytosed by the cells. 47 In our previous work, CdTe QDs capped by HPAMAM were succesfully internalized into cells without other transfection reagent. 28 Here, due to the existence of HPAMAM-g-MPEG, CdTe QDs can be tranfected into the cells.
The PL intensity of CdTe/HPAMAM-g-MPEG in COS-7 cells versus time was investigated, as shown in Fig. 9 . PL intensity of CdTe QDs prepared based on HPAMAM-g-MPEG (the excitonic absorption peak of QDs at 518 nm) in COS-7 cells along with the hydrolysis of acylhydrazone bonds. Figure 9 . The PL intensity of CdTe/HPAMAM-g-MPEG in COS-7 cells increased more than 2 times with time passed from 2 h to 18 h. The experiment results proved the speculation that the acidic environment in lysosomes could break the acylhydrazone linkage between HPAMAM core and MPEG arms. With time went on, more and more acylhydrazone bonds broke and the PL quench of acylhydrazone on CdTe QDs vanished gradually, resulting in the significant increasement of the PL intensity of CdTe QDs in COS-7 cells. In such a case, the pH response of HPAMAM-g-MPEG was transmitted to the PL intensity CdTe QDs and the PL intensity increased along with the hydrolysis of acylhydrazone bonds in acidic lysosomes. Thus, the pH-responsive CdTe/HPAMAM-g-MPEG nanocomposites could be used as a novel fluorescent probe in acidic lysosomes.
CONCLUSIONS
In this paper, we have proposed a new strategy for preparing highly luminescent and pH responsive CdTe QDs within HPAMAM-g-MPEG dynamic hyperbranched polymers. The HPAMAM-g-MPEG had a HPAMAM core and many MPEG arms connected by pH-sensitive acylhydrazone bonds. By preparing CdTe QDs within pH responsive HPAMAM-g-MPEG, the environment sensitivity of HPAMAM-g-MPEG polymers and the optical, electrical properties of CdTe QDs were combined, endowing the CdTe QDs with pH response. More importantly, the potential application of the CdTe/HPAMAM-g-MPEG nanocomposites as novel fluorescence probe in acidic lysosomes was studied. We found that PL intensity of the CdTe/HPAMAM-g-MPEG nanocomposites in COS-7 cells enhanced greatly after 18 h. Because the acylhydrazone bonds could be cleaved by the acidic environment in lysosomes and the PL quench of acylhydrazone bonds on CdTe QDs vanished subsequently, resulting in the significant increasement of the PL intensity of CdTe/HPAMAMg-MPEG nanocomposites. In such a case, the aim that transmitting the pH response of dynamic covalent hyperbranched polymers to the fluorescence intensity of CdTe Sci. Adv. Mater., 6, [1] [2] [3] [4] [5] [6] [7] [8] 2014 
